The present invention relates to a product-sum operation circuit element and a circuit for addition by weighting a number of signals input in one neuron circuit in a neural network, and can provide an adaptive-learning neuron cir cuit for changing an interval of output pulses by learning by connecting a simple pulse generating circuit consisting of capacitance, resistance, unijunction transistor and the like.
A product-sum operation circuit element according to the present invention, includes an insulator substrate, a single crystal semiconductor thin film having a p-n-p or n-p-n structure in a lateral direction formed in the shape of stripes on the insulator substrate, a ferroelectric thin film deposited thereon for covering at least the semiconductor stripe struc ture, and a stripe-like electrode consisting of a metal or a polycrystalline semiconductor further formed thereon for intersecting the semiconductor stripes at a right angle or suitable angle. The present invention relates to an adaptive-learning type product-sum operation circuit element, an adaptive-learning type product-sum operation circuit and an adaptive-learning type product-sum operation circuit array for weighing and adding a number of signals input into a plurality of neuron circuits in a neural network.
Related Art Statement
As a method of giving a weight function to the input portion of a neuron circuit, i.e., synaptic connection, there are two methods of giving a value obtained by software simulation as a certain value and of determining the opti mum value by learning with a teacher after the construction of a network.
Both methods have a problem of enormously increasing learning time in a practical network having more than 10,000 neurons.
The present invention is to obviate the aforesaid short coming. The present invention relates to a circuit for making the weight of synaptic connection the optimum by adaptive learning with the aid of residual polarization of a ferroelec tric film, and when this circuit is used, even if the use of a network is started under such a condition that the weight of synaptic connection is not the optimum, a function of making the weight of synaptic connection the optimum as the use is progressed can be expected. A specific circuit constructs a matrix of synaptic connection of mxn by connecting in parallel adaptive-learning type MISFET (metal-insulator-semiconductor field effect transistors) with the use of a ferroelectric thin film as a gate insulating film by m stages equal to a number of input signals to form synaptic connection of one neuron circuit, and further align ing the MISFETs for other neuron circuits so that n rows are formed in total.
SUMMARY OF THE INVENTION
The characteristics of the present invention lie in the following points.
An object of the present invention is to provide a product sum operation circuit comprising an insulator substrate, a single crystal semiconductor thin film having a p-n-p or n-p-n structure in a lateral direction formed in the shape of stripes on the insulator substrate, a ferroelectric thin film deposited thereon for covering at least the semiconductor stripe structure, and a strip-like electrode consisting of a metal or a polycrystalline semiconductor further formed thereon for intersecting the semiconductor stripes at a right angle or suitable angle.
Another object of the present invention is to provide an adaptive-learning type product-sum operation circuit com prising a neuron circuit as a constituent having such an adaptive-learning function that a parallel circuit of adaptive learning type MISFET is connected to a capacitance C in series, resistances R and R are made the other sides of a bridge and connected by a unijunction transistor (UJT), and a junction point of the MISFET and capacitance C is connected to the UJT for narrowing an interval between output pulses by a positive excitatory control signal entered conducted by an inhibitory optical information input signal connected in series between positive and negative terminals, a series circuit of a capacitance C and an adaptive-learning type FET connected between the positive and earth termi nals, an LED and a series circuit of a UJT and a resistance are connected in parallel, a junction point of the photocon ductors is connected to a gate electrode of the adaptive learning type FET, an intersecting point of the adaptive learning type FET and the capacitance C is connected to the UJT, the circuit comprising an excitatory and inhibitory controls device for narrowing and widening a pulse interval of output pulses by receiving optical information input signals in PC1 and PC2, respectively. Yet another object of the present invention is to provide an adaptive-learning type product-sum operation circuit com prising a series circuit of a p-channel MOSFET switch 18 conducted by an excitatory information input signal and an n-channel MOSFET switch 19 conducted by an inhibitory information input signal connected between positive and negative terminals, a series circuit of a capacitance C and an adaptive-learning type MISFET, a series circuit of a resis tance 26, a UT 42 and a resistance R, these circuits being connected in parallel, respectively a junction point 20 of the FET switches 18 and 19 being connected to a gate electrode of the adaptive-learning type FET, a junction point 21 of the adaptive-learning type FET and capacitance C being con nected to the UJT, a junction point 22 of the UJT and resistance 26 being branched from an excitatory information output terminal 24 and connected to a gate electrode of said p-channel MOSFET, an inhibitory information output ter minal 25 provided between the resistances 28 and 29, further comprising a excitatory control device for narrowing a pulse interval of an output pulse voltage and inhibitory control device for widening a pulse interval of an output pulse voltage.
Yet still another object of the present invention is to provide an adaptive-learning type product-sum operation circuit array comprising an array network of neuron circuits of mxn by providing m stages of a series circuit of a photoconductor PC1 conducted by an excitatory optical information input signal, neuron circuits of n rows and a photoconductor PC2 conducted by an inhibitory optical information input signal between positive and negative terminals, an excitatory control device for narrowing an interval of output pulses of each neuron circuit element by excitatory control signals, and an inhibitory control device for widening an interval of output pulses of each neuron circuit element by an inhibitory control signal, and further comprising adaptive-learning functions such as a comple ment of a displaced or missing letter or pattern of input picture information.
Yet still another object of the present invention is to provide an adaptive-learning type product-sum operation circuit array comprising an array network of neuron circuits of mxn by providing m stages of a series circuit of a semiconductor switch conducted by an excitatory electric input signal, n rows of neuron circuits and a semiconductor switch conducted by an inhibitory electric information input signal between positive and negative terminals, an excita tory control device for narrowing an interval of output 5,519,812 3 pulses of each neuron circuit by excitatory control signals and an inhibitory control device for widening an interval of output pulses of each neuron circuit by inhibitory control signals, and further comprising adaptive-learning functions such as a complement of a displaced or missing letter or pattern of an input electric information signal.
Here, a semiconductor stripe on an insulator substrate corresponds to a portion where metal-insulator-semiconduc tor field effect type transistors (MISFETs) are connected in parallel, and the uppermost metal or polycrystalline semi conductor electrode corresponds to gate electrodes of the MISFETs. This structure is characterized by enabling to give a field which can change residual polarization of a ferro electric film only at a gate insulating film of FET of an intersecting point between a semiconductor stripe and a gate electrode stripe to where a suitable voltage is given. There fore, when this novel characteristic is used, initial weights of every synapse can be set independently. When a simple pulse generating circuit consisting of a capacitance, a resistance, a unijunction transistor and the like is connected to a circuit according to the present invention, there can be manufactured an adaptive-learning neuron circuit which changes an interval of output pulses by learning.
BRIEF DESCRIPTION OF THE DRAWINGS
For a better understanding of the invention, reference is made to the accompanying drawing, in which:
FIGS . Throughout the specification, same reference numeral designate same object or body, for example: 1 is a source, 2 is a drain, 3 is a gate, 4 is a ferroelectric film, 5 is a p-type (n-type) semiconductor, C is a capaci tance, R, R2, R3 are resistances, 6 is an input terminal, 7 is an output terminal, 8 is a bias voltage terminal, 9, 14, 30 are +Vo terminals, 10, 15, 31 are -V terminals, 11, 12 are intermediate points, 16, 17 are input terminals, 18, 19 are FET switches, 20, 21, 22, 27 The present invention is an adaptive-learning neuron circuit having a high density synapse connection consisting of a ferroelectric thin film. The circuit construction of the present invention will be explained by referring to the accompanying drawings in detail.
An adaptive-learning function of an electron device is first described and then the adaptive-learning type MISFET of the present invention and the principle construction of adaptive-learning function of an adaptive-learning neuron circuit with the use of the MISFET is explained.
(1) Adaptive-learning function in the electron device The present inventor thinks that the adaptive-learning function has the following two properties: GD Function for changing or complementing a part or the whole of electrical or optical properties of a device during a period of processing a certain number of usual signals; and A function similar to this adaptive-learning function is to apply a special control signal different from a usual signal to change the condition of a device. This function is different from the adaptive-learning function in the point of using a control signal, which is specified as a self-control function by the present inventor. A typical self-control device is an electrically erasable non-volatile memory (EEPROM), wherein a read-out signal corresponds to a usual signal, and a write-in signal and an erase signal correspond to special control signals.
(2) Operational principle of the adaptive-learning type
MISFET
The adaptive-learning type MISFET proposed by the present invention has the same general structure as that of the usual MOSFET as shown in a schematic diagram of FIG. 1, but the point of using a ferroelectric thin film as a gate insulating film is novel. FIG. 1 shows an enhancement type FET of an in channel, and when a positive pulse voltage is applied to a gate, an inversion layer is formed at a channel portion in case of applying a pulse and the FET turns ON. At the same time, polarization is generated in the ferroelec tric thin film, and this polarization remains even after the voltage is back to 0, so that a fixed conductive layer is formed on the surface of a semiconductor after several pulses are applied, and a path between the source and drain is ON even after the gate voltage is made 0. That is, the FET is changed to a normally ON-type FET by learning. In order to quantitatively examine the operation of the FET shown in FIG. 1 , it is necessary to clarify the switching 5 properties of a ferro electric thin film in the first place. The ferroelectric thin film requires a switching time t for invert ing spontaneous polarization P. The switching time in case of applying an electric field E more than a coercive electric field E is expressed by the following formula.
ttexp (E/E) . . .
where, E is an activation field, which value changes accord ing to the kind of a ferroelectric material. The above equation shows that in general, the stronger the applied electric field, the shorter time the polarization is inverted. Next, a time change of polarization after the electric field E is applied at time t=0 is shown by the following formula.
where, n is a growth dimension of a domain, and in case of a thin film, n=2.5 is theoretically obtained. The formula (2) shows the state of changing the polarization P from -P of the time t=0 to +P of the time t-oo, but its change is continuous, and in case of finite t, P takes an appropriate value between-P and +P. It is further considered that Pis maintained at the same value after E is made Zero at room temperature, so that residual polarization after applying in times of pulses of pulse width is obtained by placing t=nt in formula (2). density of the semiconductor surface decreases every time a signal pulse is input, and an inversion layer is formed on the surface of the semiconductor after applying the third pulse in this example. On the other hand, it is understood that the surface condition of the semiconductor is again changed toward the initial accumulation condition when a negative bias is applied. FIG. 3 shows a relation between the learning times and a gate input voltage, where the learning time is the number of inputpulses until an inversion layerisformed on the initially accumulated semiconductor surface. Assumed numerical values are the same as those of FIG. 2. FIG. 3 is usable as a design chart for obtaining the thickness of a gate insulating film when a learning time is designated. In FIG. 1, 1 is a source electrode, 2 is a drain electrode, 3 is a gate electrode, 4 is a ferroelectric thin film, and 5 is ap type or n type semiconductor made of silicon (Si) and the like on an insulator substrate, and adaptive-learning effect means that the polarization of the ferroelectric thin film is gradually changed and a resistance value between the source electrode 1 and the drain electrode 2 is changed during usual signal pulses are applies to the gate electrode 3. FIG. 2 shows a calculation data of a threshold voltage of a MIS diode having a metal/ferroelectric film/Si structure and a charge density of a semiconductor surface.
FIG . 3 shows a relation between a pulse voltage (V) applied to a MIS diode and a learning times, wherein "learning time' is the pulse number for changing the Si 4, UJT (unijunction transistor) is used as a switch for discharging a capacitance C, and a pulse interval is deter mined by a time constant of CR. Therefore, if a resistance R is replaced by a source-drain resistance of adaptive learning FET, it becomes possible to change an output pulse interval of a neuron circuit. The UT (unijunction transistor) is a positive feedback type device, so that the neuron circuit is formed with an SOI (i.e. Si-on-insulator) structure, and each device should be electrically insulated to not latch up the circuit.
FIGS. 5(A) and5(B)
show one embodiment of the present invention, in which a terminal 9 is kept at a source voltage of +Vo and a terminal 10 is kept at a source voltage of-Vo between which an excitatory photoconductor PC1 and an inhibitory photoconductor PC2 are connected in series, an adaptive-learning type FET is connected to its middle point, a capacitance C is connected between the adaptive-learning type FET and the terminal 9, unijunction transistor UJT is connected to its middle point 12, a light emitting diode LED is connected to said capacitance in parallel between the terminal 9 and the unijunction transistor UJT, and a resis tance R is connected between the unijunction transistor UJT and a ground terminal 13. Optical information input signals hv and hva are incident into the excitatory photoconductor PC1 and inhibitory photoconductor PC2, and an optical information output signal hv is output from the LED. FIG. 7(B) shows such a construction that n-p-n or p-n-p Sistripes 36 and 37 are provided on an insulator substrate 35, a ferroelectric film 38 is coated thereon, and a gate electrode 39 is further coated thereon, to make the Sistripes 36, 37 and gate electrode 39 appear as a chess board cross when viewed from the above.
An adaptive-learning type neural network of the present invention was manufactured and a test was conducted for an effect thereof as follows.
(1) Object of the test:-In the prior neural network, it is most preferable to change a weighting function of synaptic connection in neuron circuit through an adaptive-learning process. In the present test, the work "adaptive-learning" can be defined as a function for changing a part or the whole of electric or optical properties of a device after the device processes a number of signals. In order to attain an object of the present invention, there is required an adaptive-learning neuron circuit having excitatory control device and inhibitory con trol device.
The adaptive-learning device function returns to the initial value by applying an initializing signal, so that this function is different from the deterioration of the device.
(2) Adaptive-learning type MISFET (metal/insulator/ semiconductor junction electric field effect type transistor)
The fundamental device for carrying out the adaptive learning function is MISFET having a ferroelectric gate insulator thin film as shown in FIG. 1. In the self-control device, a pulse having a larger voltage than that of a usual signal pulse is applied to a gate electrode because the pulse having the larger voltage changes prop erties of a thin film. On the other hand, in the adaptive learning MISFET, a thickness of the ferroelectric thin film is suitably selected for gradually changing apolarity of the thin film by applying a pulse signal. As a result, the normally OFF type FET, where a current does not flow at a gate voltage of zero, at first changes to a normally ON type FET where a current flows at a gate voltage of zero. The device structure can easily be designed by using switch properties of a ferroelectric thin film. An embodiment of this design is as shown in FIG.3, and in FIG.3, " learning time" means the number of pulses until the Sisurface of a MIS diode changes to the inversion condition.
(3) Neuron circuit
The function of the adaptive-learning type MISFET gradually changes resistance between source-drain or threshold voltage when input pulse signals are applied to the gate, so that it is compatible with an analog circuit. On the other hand, it is necessary to apply a digital pulse signal to the input of the adaptive-learning type FET. In order to connect two concepts ions of the analog output and the pulse input, a system for generating an asynchronous short inter val pulse was proposed, which is similar to a current pulse generation system in human brains. This system is called PFM (pulse frequency modulation), and an interval for generating pulses has no periodicity, so that this system is different from a synchronous pulse density neural system which pulse generating time is determined. In FIG. 4 , UJT is a unijunction transistor used as a switch for discharg ing a capacitance C, R, R2 and Ra are resistances, 7 is an output terminal, and 8 is a bias voltage terminal for charging C through R. A pulse interval is determined by a time constant of CR. When this resistance R is substituted for source-drain resistances of adaptive-learning type MIS FET-1 and MIS-FET-2, an interval of output pulses of the neuron circuit can be changed. UJT is a positive feedback type device, so that a neuron circuit is formed with an SOI (Si-on-insulator) structure, and each device should electri cally be insulated to not latch up (i.e parasitic thyristor action) in the circuit.
In order to change the output pulse interval for both long and short, a gate input signal having positive and negative polarities is necessary.
A circuit proposed by the present invention is as shown in FIG. 7 shows a synaptic connection layout. In FIG. 7 , an Si stripe having a n-p-n structure in a lateral direction is arranged on an insulator substrate 35, and coated a ferro electric thin film 38 thereon, while a metal stripe 39 for a gate electrode is arranged on the thin film at a right angle to the Sistripe. In order to weight respective initial synaptic connections separately, a +Vo/2 pulse-like bias voltage and a -V/2 direct current bias are applied to respectively selected metal and Sistripes. As a result, a potential differ ence applied to the thin film becomes V at only the intersection point and exceeds a critical value of polariza tion, and the degree of polarization, that is, the degree of weight can be controlled by varying a duration of the pulse-like bias. Moreover, when a weighting value is 0, it means that there is no response to input, and it also means the more the weighting value increases, the more the portion thereof is regarded as important.
Since the synapse circuit has no through-hole as shown in  FIG. 7 , a packing density of the synapse circuit is expected to be very high. Specifically, one synapse region in case of designing a circuit with a rule of the minimum width of 1 micron is about 4x2 um' (3pm-width Sistripes, 1 um-width metal stripes and 1 um-width space). The region of each neuron circuit is not large, and the region of 1000x1000 synapse connections having 1,000,000 synapses is about 8 mm. This region is considered to be sufficiently small as compared with the other neural network.
(4) Conclusion The present inventor has found a novel adaptive-learning neuron circuit. The main conceptions are as follows.
(1) Adaptive-learning type MISFET circuit having a fer roelectric gate insulator.
(2) Asynchronous PFM output circuit. Although the invention has been described with a certain degree of particularity, it is understood that the present disclosure has been made only by way of example and that numerous changes in details may be resorted to without departing from the scope of the invention as hereinafter 10 claimed.
What is claimed is:
1. A product-sum operation circuit element comprising:
an insulator substrate;
at least one single crystal semiconductor thin film region on the insulator substrate, the at least one single crystal semiconductor thin film region extending in a first direction;
a ferroelectric thin film deposited on the insulator sub strate for covering at least the at least one single crystal semiconductor thin film region; and an electrode, formed on the ferroelectric thin film, the electrode extending in a second direction and crossing the at least one single crystal semiconductor thin film region; wherein the at least one single crystal semiconductor thin film region includes first, second and third semicon ductor thin film sections;
wherein the first and third sections are of a same conduc tivity-type and the second section is of a conductivity type which is the opposite of the conductivity-type of the first and third sections; and wherein the first, second and third semiconductor thin film sections are arranged along the second direction with the second section disposed between the first and third sections. claim 1, wherein the first and third semiconductor thin film sections are n-type semiconductors and the second semicon-40 ductor thin film section is a p-type semiconductor.
3. The product-sum operation circuit element according to claim 1, wherein the first and third semiconductor thin film sections are p-type semiconductors and the second semicon ductor thin film section is an n-type semiconductor.
4. An adaptive-type product-sum operation circuit com prising:
an excitatory pulse circuit for producing an excitatory pulse; an inhibitory pulse circuit for producing an inhibitory pulse; and an adaptive-learning type product-sum operation circuit element including: an insulating substrate; a semiconductor thin film layer formed on the insulat ing substrate; a ferroelectric thin film layer, having a residual polar ization, formed on the semiconductor thin film layer;
and an electrode formed on the ferroelectric thin film, the electrode being Coupled to receive the excitatory pulse and to receive the inhibitory pulse; 45 50 55 60 10 wherein the ferroelectric thin film layer is responsive to the excitory pulse for increasing the residual polariza tion by a first predetermined amount and is responsive to the excitatory pulse for decreasing the residual polarization by a second predetermined amount; wherein the semiconductor thin film layer extends in a first direction, and the electrode extends in a second direction and crosses the semiconductor thin film layer, wherein the semiconductor thin film layer includes first, second and third semiconductor thin film regions; wherein the first and third regions are of a same conduc tivity-type and the second region is of a conductivity type which is the opposite of the conductivity-type of the first and third regions; and wherein the first, second and third semiconductor thin film regions are arranged along the second direction with the second region disposed between the first and third regions. 5. The adaptive-type product-sum operation circuit according to claim 4, wherein the first and third semicon ductor thin film regions are n-type semiconductors and the second semiconductor thin film region is a p-type semicon ductor.
6. The adaptive-type product-sum operation circuit according to claim 4, wherein the first and third semicon ductor thin film regions are p-type semiconductors and the second semiconductor thin film region is an n-type semi conductor.
A semiconductor circuit element comprising:
an insulator substrate; a plurality of single crystal silicon semiconductor thin film stripes formed on the insulator substrate and extending in parallel fashion in a first direction, each one of said plurality of stripes being comprised of first and second semiconductor regions of a first conductiv ity-type and a third semiconductor region of a second conductivity-type disposed adjacent to and between said first and second semiconductor regions, a ferroelectric thin film deposited on the insulator sub strate and covering the plurality of single crystal silicon semiconductor thin film stripes; and a plurality of electrode stripes, formed on the ferroelectric thin film and extending in parallel fashion in a second direction perpendicular to said first direction, each electrode stripe crossing a respective first, second and third semiconductor region of a respective one of the plurality of single crystal silicon semiconductor thin film stripes. 8. The circuit element according to claim 7, wherein the plurality of electrode stripes are electrodes for receiving excitatory pulses from excitatory pulse circuits and for receiving inhibitory pulses from inhibitory pulse circuits, and wherein the ferroelectric thin film is responsive to the excitatory pulses for increasing residual polarization by a first predetermined amount and is responsive to the inhibi tory pulses for decreasing the residual polarization by a second predetermined amount, the circuit element thereby being an adaptive-learning type product-sum operation cir Cult.
